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COMPARATIVE ANATOMY OF THE LEAF-BEARING 

CACTACEAF, V 

THE SECONDARY PHLOEM 
Lalit M. Srivastava 1 and I. W. Bailey 2 

In an earlier paper (Bailey and Srivastava, 1962), it was indicated 
that the vascular cambium, tracheary tissue, and sieve elements in the leaf¬ 
bearing Cactaceae show structural features that suggest an advanced level 
of evolutionary specialization. The arrangement of fusiform initials in the 
cambium and their derivatives in xylem and phloem, and the structure of 
xylem tissue were described in detail in this paper. In contrast, the account 
of phloem was cursory and restricted mainlv to the form of sieve elements 
and their sieve plates and sieve areas. In order to understand the structure 
of phloem tissue, particularly the relationship between sieve elements and 
par nchyma cells associated with them, an ontogenetic study of the tissue 
was considered essential. This study forms the subject of the present paper. 

I hree species of leaf-bearing Cactaceae, Pcreskia sacharosa Griseb. |Tu- 
cumanj, Pereskiopsis aff. chapistle Britt. & Rose [Boke B-3], and Quiaben- 
tia aff. chacoensis Backbg. [Tucuman] were selected for detailed onto¬ 
genetic work. The material was killed in FAA. Small pieces from the stems 
of these species were embedded in paraffin and sectioned on a rotary micro¬ 
tome. Some additional material was embedded in ceiloidin and sectioned 
on a sliding microtome. Serial transverse, radial, and tangential sections 
were obtained and, later, stained by a combination of tannic acid, iron 
chloride, and laemoid as described by Cheadle, Gifford & Esau (1953). 

In order to determine the origin of phloem elements, several tiers (that 
is, radial files of derivatives of single cambial initials) were studied in de¬ 
tail for each of the three species. Tiers were drawn from serial cross sec¬ 
tions with he use of a camera lucida attachment. The cells in each tier 
were reconstructed from these drawings. The entire height of a tier was 
examined in order to determine the exact relationship between sieve ele¬ 
ments and the parenchymatous cells associated with them. The results 
obtained from a study of cross sections were later substantiated by a study 
of tiers from serial tangential sections. Radial sections were only of lim¬ 
ited use in the present study, partly because of the difficulty of obtaining 
good radial sections and partly because of the irregular planes of divisions 
in the phloic initials and the small size of some of the phloem derivatives. 

As is well known, sieve elements and the associated companion cells 
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usually function for a limited period only. They die in old phloem and, in 
most cases, are eventually crushed by the expanding parenchyma cells and 
the pressures resulting from new growth (cf. Esau, 1953, pp. 299, 300). As 
a result, the arrangement of phloem derivatives, typical of young phloem, is 
distorted and the study of tiers cannot be pursued with accuracy in very 
old phloem. The tiers drawn in the present study, therefore, represent the 
functional phloem and only as much of nonfunctional phloem as had not 

yet been distorted. 

The terms used here are common in literature on phloem (cf. Esau, 
1950, 1953; Esau & Cheadle, 1955; Cheadle & Esau, 1958), but some of 
them are explained again for clarity. A phloic initial is the daughter cell 
formed towards the phloem after a periclinal division in the cambial in¬ 
itial. The phloic initials either directly, that is, without any further 
divisions, or after a few divisions produce the various cell types in the 
phloem. For instance, a phloem-parenchyma strand is formed after one 
or more horizontal divisions in the phloic initial. The term precursor 
refers to a cell that would either differentiate directly as a definitive 
phloem element or in which further divisions would occur; in any case, 
it denotes an undifferentiated cell in which further changes are going to 
occur. Thus a phloic initial may behave as a precursor of a fusiform 
phloem-parenchyma cell, or one of the daughter cells after a division in 
the phloic initial may behave as a precursor of the sieve-tube mother cell 
and a parenchyma cell. The term sieve-tube mother cell refers to a cell 
in which one or more divisions occur and within the confines of which 
a sieve element and its companion cells are formed. Occasionally a sieve- 
tube mother cell may differentiate directly as a sieve element and no 
companion cells may be formed. The terms sieve element and sieve-tube 
member are used interchangeably. Various kinds of parenchyma cells 
occur in phloem. In the present paper, the terms used to describe them 
have an ontogenetic implication. Thus, a fusiform phloem-parenchyma 
cell is derived directly from a phloic initial; and a phloem-parenchyma 
strand is formed after one or more horizontal divisions in the phloic 
initial. Some other parenchyma cells and companion cells are formed in 
association with a sieve element after divisions in a single phloic initial. 
For convenience of description, these cells ontogenetically related to the 
sieve elements are often referred to as parenchymatous cells or elements. 


ORIGIN OF PHLOEM ELEMENTS IN PERESKIA 

Analysis of Tiers 

A cross section through the phloem of Pereskia sacharosa is shown in 
Fig. 32, in which the cell types present in the tissue and their general 
arrangement are seen. Another cross section is drawn in Fig. 1, but the 
individual tiers are separated tangentially for a better illustration of 

3 Nonfunctional, in contrast to functional, phloem refers to that part of phloem in 
which sieve elements are no longer conducting (cf. Esau, 1953, p. 299). 


236 


JOURNAL OF THE ARNOLD ARBORETUM [vol. xliii 



Fig. 1 . Pereskia sacharosa, transection of cambial zone (below) and phloem, 
X 495. Tiers separated from one another to show radial extent of each; sieve 
elements unmarked; companion cells stippled; parenchyma cells with nuclei; 
ray cells on extreme right without nuclei. Tiers A-E analyzed in detail in Figs. 
2-6 and in text. 

their radial extent. A study of similar drawings from serial cross sections 
reveals the axial extent of each tier and the cell types that compose it. 
Tiers A, B, C, D, and E in Fig. 1 are analyzed in detail. The cross sec¬ 
tion drawn in Fig. 1 did not pass through the middle (in terms of axial 
extent) of all the five tiers selected for study. The cross sectional views 
at different levels in the axial extent of these tiers are illustrated in Figs. 
2-6, a-e; the levels at which these cross sections were taken are indicated 
along the margins of Figs. 2-6, f. In Figs. 2-6, a—e, sieve elements are un¬ 
marked except for sieve plates which, when present, are indicated by 
hatched areas; companion cells are stippled; and parenchyma cells onto- 
genetically associated with sieve elements are shown with nuclei. Fusi- 
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form phloem-parenchyma cells and phloem-parenchyma strands are shown 
with a circle drawn with a heavy pen. Cells internal to the cell complex 
in which sieve element 1 occurs are not considered — they are assumed 
to be undifferentiated cells. Some of them may have differentiated as 
fusiform phloem-parenchyma cells or phloem-parenchyma strands, but 
we were not certain about this. They are shown without nuclei. Figures 
2-6, f, represent schematically the axial extent of the sieve elements and 
the parenchymatous elements ontogenetically associated with them in 
tiers A-E; the sieve elements are drawn with numbered solid lines, the 
companion cells with dotted lines, and parenchyma cells with broken 
lines. Lines representing companion cells and parenchyma cells are placed 
arbitrarily on the left and right, respectively, of the lines representing 
sieve elements. If a strand of companion or parenchyma cells is formed 
in association with a sieve element, it is represented by a single line; but 
the individual cells in the strand are demarcated by short oblique lines 
intersecting the vertical line that represents the strand. All cells that 
are ontogenetically related and derived from a single phloic initial are 
included within pairs of horizontal lines drawn at the upper and lower 
limits of the complex of cells. The numbers 0-225 or —300 at left in 
each drawing represent the length in microns. The purpose of this 
schematic representation is twofold. First, it shows at a glance how many 
and what kinds of cells are ontogenetically related with one another. 
Second, the combined length of the cells in a complex of cells, barring 
the overlap of cells, reflects the length of the phloic initial (and, hence, 
that of the fusiform cambial initial). The lengths of different phloic 
initials in a tier represent approximately the axial extent, or the height, 
of the tier. Fusiform phloem-parenchyma cells and phloem-parenchyma 
strands are not considered in Figs. 2—6, f. 

Tier A: Seven sieve elements, indicated by arabic numerals, are pres¬ 
ent in tier A (Fig. 2, c, f). Sieve element 1 is associated with two com¬ 
panion cells and one parenchyma cell, sieve element 2 with one com¬ 
panion and one parenchyma cell, sieve element 3 with three companion 
and two parenchyma cells, sieve element 4 with two companion and two 
parenchyma cells, sieve element 5 with one companion and one paren¬ 
chyma cell, and sieve elements 6 and 7 with one companion cell each. 
Two fusiform phloem-parenchyma cells occur in the tier and were de¬ 
rived directly from their phloic initials. 

Each of the sieve elements 1-5 with their associated parenchymatous 
cells and the sieve elements 6 and 7 with their companion cells originated 
by divisions within the confines of a single phloic initial. The origin of 
these elements is considered in detail. 

The phloic initial within the confines of which sieve element 1 is 
present divided obliquely and longitudinally. Of the two daughter cells 
formed, the one towards cambium was the precursor of a parenchyma 
cell, the other away from the cambium was the mother cell for sieve 
element 1 and its companion cells. In this mother cell a longitudinal, 
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Fig. 2. Pereskia sacharosa, Tier A of Fig. 1: a-e, cross sections of tier at 
levels indicated in schematic representation of certain members ot tier t ) by 
arrowheads opposite a-a, b-b, etc., respectively; a-e, X 495. 

For details of drawings in Fig. 2 and in Figs. 3-6, 10-14, 21-25, see text, p. 

236. 

more or less radial division separated a narrow cell from a larger cell. 
The narrow cell divided horizontally and formed a strand of two cells that 
differentiated as companion cells; the larger cell matured as sieve ele¬ 
ment 1. 

The sequence of divisions in the phloic initials responsible for sieve ele¬ 
ments 2 and 5 and their parenchymatous cells was similar to that in the 
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phloic initial for sieve element 1 — the first oblique longitudinal wall 
separated the precursor of a parenchyma cell from the sieve-tube mother 
cell, and a subsequent division in the sieve-tube mother cell produced a 
small and a large cell; the small cell differentiated as a companion cell, 
the large cell as a sieve-tube member. 

The order of divisions in the phloic initials within the confines of 
which sieve elements 3 and 4 occur is more complicated. The cell com¬ 
plex with sieve element 3 is analyzed as follows. A more or less tangential 
division extending through most of the length of the phloic initial re¬ 
sulted in two daughter cells, one away from the cambium was the pre¬ 
cursor of a parenchyma cell (Fig. 2, a-e), the other towards the cambium 
was the precursor of a second parenchyma cell and the mother cell of 
sieve element 3. An oblique longitudinal division in the lower half of 
this latter precursor formed two daughter cells: one was the precursor 
of the second parenchyma cell (Fig. 2, d—e), the other, a larger cell, was 
the sieve-tube mother cell for element 3. A longitudinal division along 
the right radial and outer tangential walls of the sieve-tube mother cell 
produced a narrow precursor that divided horizontally to form a strand 
of two companion cells (Fig. 2, a-e); another longitudinal division along 
the inner tangential wall, but confined to the upper half of the sieve- 
tube mother cell, produced a third companion cell (Fig. 2, a-c). The 
larger cell left after these divisions in the sieve-tube mother cell differ¬ 
entiated as sieve element 3. The following sequence of divisions is 
visualized for the origin of sieve element 4. Two successive oblique 
longitudinal divisions in the phloic initial, one along left radial and the 
other along right radial wall, separated two precursors of parenchyma cells 
from the sieve-tube mother cell. A more or less radial longitudinal di¬ 
vision in the sieve-tube mother cell produced a narrow cell, which di¬ 
vided horizontally and formed two companion cells (Figs. 2, a-d), and 
a larger cell that differentiated as sieve element 4. 

Sieve elements 6 and 7 are ontogenetically related. A more or less radial 
longitudinal division in the phloic initial separated two sieve-tube mother 
cells, each of which divided subsequently and formed a sieve-tube element 
and a companion cell. 

Tier B: Twelve sieve elements (indicated by arabic numerals) with 
their associated parenchymatous cells and one fusiform phloem-paren¬ 
chyma cell occur in tier B (Fig. 3, c, f). The divisions in phloic initials 
responsible for sieve elements 3, 7, and 12 are least complicated and, 
hence, are analyzed first. A tangential longitudinal wall laid down in the 
phloic initial of sieve element 3 separated two daughter cells, one (to¬ 
wards cambium) was the precursor of a parenchyma strand, the other 
(away from cambium) was the sieve-tube mother cell. A radio-longi¬ 
tudinal wall divided the sieve-tube mother cell into a narrow precursor, 
which divided horizontally and formed a strand of two companion cells, 
and a larger cell that matured as sieve element 3. The pattern of di¬ 
visions in the phloic initials of sieve elements 7 and 12 is similar except 
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that the precursor of companion cells did not divide horizontally. In 
the cell complex including sieve element 12, the precursor of the paren¬ 
chyma cell also did not divide horizontally to form a strand of paren¬ 
chyma cells (Fig. 3, f). 


a 


b 


c 


d 


e 




Fig. 3. Pereskia sacharosa, Tier B of Fig. 1: a-e, cross sections of tier at 
levels indicated in schematic representation (f), as in Fig. 2; a-e, X 495. Oblique 
line connecting sieve elements 8 and 9 in diagram (f) shows that the two 
originated after division in a single mother cell. For details of drawings, see 
text. 
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Sieve elements 1 and 2; 4, 5, and 6; 8 and 9; and 10 and 11 are onto- 
genetically related and were formed with their associated parenchymatous 
cells after divisions in single phloic initials. One parenchyma cell occurs 
in common association each with sieve elements 1 and 2, 8 and 9, and 10 
and 11. Sieve elements 4, 5, and 6 do not seem to have any parenchyma 
cell. The sequence of divisions in the phloic initials in all these in¬ 
stances is more complicated than in the case of sieve elements 3, 7, and 
12. It appears that in the phloic initial responsible for the cell complex 
in which sieve elements 1 and 2 occur, an oblique anticlinal wall was 
laid down. Of the two resulting daughter cells, one towards the cambium, 
the precursor of a parenchyma cell and the mother cell of sieve element 
1, divided obliquely, but the dividing wall did not extend to the cell 
tips (Fig. 3, f). The longer cell formed after this division was the 
precursor that matured as the parenchyma cell; the shorter was the 
sieve-tube mother cell for element 1. In this sieve-tube mother cell an 
oblique wall was laid down that separated a narrow precursor (left and 
above), which divided horizontally and formed two companion cells, 
from a larger cell that matured as sieve element 1. The cell away from 
the cambium, formed after the first anticlinal division in the phloic initial, 
was the mother cell tor sieve element 2 and its companion cell. In this 
mother cell a more or less radial division separated the precursor of a 
companion cell from a precursor that matured as sieve element 2. In the 
interpretation of the origin of this cell complex, it has been assumed 
that the parenchyma cell was more closely related to sieve element 1 than 
to sieve element 2. It is possible, however, that the first division in the 
phloic initial of this cell complex was not the one that separated the 
sieve-tube mother cell of element 2 from the precursor of the mother cell 
of element 1 and the parenchyma cell, but it was one that separated the 
parenchyma cell from a precursor in which later divisions formed sieve 
elements 1 and 2. In the latter interpretation the parenchyma cell would 
be equally related to the two sieve elements. 

In the analysis of the cell complex in which sieve elements 4, 5, and 6 
occur, it appears that a more or less tangential longitudinal division of 
the phloic initial resulted in two daughter cells. The daughter cell to- 

fl 

wards the cambium was the sieve-tube mother cell of element 4; a radial 
longitudinal division in this mother cell followed by two transverse di¬ 
visions in the narrower of the two cells resulted in three companion cells 
and the sieve-tube member 4. In the daughter cell away from the 
cambium an oblique division extending through the upper half of the 
cell set off the sieve-tube mother cells of elements 5 and 6. The mother 
cell of element 6 was shorter than that of element 5 (cf. Fig. 3, a-f). A 
longitudinal division in the mother cell of element 5 produced a long, 
narrow companion cell and the sieve-tube member S. Two successive 
divisions occurred in the mother cell of element 6 and formed two pre¬ 
cursors of companion cells and a precursor that matured as sieve element 
6. In one of the precursors of companion cells a horizontal division re¬ 
sulted in two companion cells; the other precursor matured directly as 


i 
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a companion cell. As a result, sieve element 6 is associated with three 
companion cells. 

In the phloic initial that formed the cell complex including sieve ele¬ 
ments 8 and 9, an oblique radio-longitudinal division formed two daughter 
cells. One was the precursor of a parenchyma cell; the other divided 
obliquely near its lower end and produced two mother cells, one each 
for sieve elements 8 (Fig. 3, a-d) and 9 (Fig. 3, d-e). An oblique di¬ 
vision in the mother cell of element 8 formed a narrow cell that differ¬ 
entiated as a companion cell and a larger cell that matured as the sieve 
element 8. The precursor of sieve element 9 differentiated as a sieve-tube 
member without any divisions. The sequence of divisions in the phloic 
initial within whose confines elements 10 and 11 appear is similar to 
that in the phloic initial of elements 1 and 2. 


Tier C: Nine sieve elements with their associated parenchymatous 
cells and one fusiform phloem-parenchyma cel! occur in tier C (Fig. 4. 
c, f). The origin of the cell complexes including sieve elements 5 and 
9 is simple and followed the pattern described for sieve elements 1, 2, 
and 5 in tier A, and 3. 7, and 12 in tier B. A strand of four companion 
cells was formed in association with sieve element 5. 

Sieve elements 1-4 and 6-8 with their associated parenchymatous cells 
were derived from single phloic initials. A new feature is seen in the 
origin of sieve elements 1-4. A more or less transverse division in the 
phloic initial formed two daughter cells. An oblique, more or less tan¬ 
gential division in the upper daughter cell formed two precursors, the one 
away from the cambium matured without any further divisions as sieve 
element 2, the other towards the cambium divided radially and formed a 
parenchyma cell and sieve element 1 (Fig. 4, a b). No companion cells 
were formed in association with either sieve element 1 or 2. In the lower 
daughter cell (formed after the first, transverse division in the phloic 
initial) an oblique longitudinal division separated the mother cell of 
sieve element 4 from the precursor of the mother cell of sieve element 
3 and a parenchyma cell (Fig. 4, c-e). An oblique division in the mother 
cell of element 4 separated a narrow cell that differentiated as a com¬ 
panion cell (lower right corner) and a larger cell that matured as the 
sieve element 4. In the precursor of the mother cell of sieve element 3 
and the parenchyma cell, a tangential division produced two daughter 
cells: one towards the cambium was the parenchyma cell, the other away 
from the cambium was the sieve-tube mother cell of element 3. In this 
mother cell a tangential longitudinal division separated a precursor of two 
companion cells from a precursor that differentiated as the sieve element 


3 (Fig. 4, c-e). In the 


origin 


of sieve elements 6-8, two successive 


oblique divisions, one somewhat anticlinal and separating the phloic 
initial into an upper and a lower cell (cf. Fig. 4, a-e), the other some¬ 
what tangential and oblique and separating the lower cell into an outer 
and an inner daughter cell (Fig. 4, d-e), resulted in three mother cells, 
one each for elements 6, 7, and 8. The mother cell of element 6 was the 
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Fig. 4. Pereskia sacharosa, Tier C of Fig. 1: a-e, cross sections of tier at 
levels indicated in schematic representation (f), as in Fig. 2; a-e, X 495. Details 
as given in text. 


longest and extended from the top end of the phloic initial to well below 
its middle, that of element 7 was in the lower half of the phloie initial but 
did not extend to its lowermost tip, and that of element 8 extended 
through lower one-third of the phloic initial (Fig. 4, f). Two successive 
longitudinal divisions along the outer tangential wall of the mother cell 
of element 6 produced two precursors of companion cells and a precursor 
that matured as sieve element 6. In one of the precursors of companion 
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cells a horizontal division yielded two cells. As a result, three com¬ 
panion cells were formed in association with sieve element 6. In the 
mother cell of element 7 a longitudinal division along the outer tangential 
wall produced a narrow precursor of two companion cells and a large 
cell that matured as sieve element 7. In the mother cell of element 8 
two longitudinal divisions, one along the radial wall on left and the 
other along the outer tangential wall, produced two precursors of com¬ 
panion cells and a precursor that matured as sieve element 8. The pre¬ 
cursor of companion cells along the outer tangential wall divided hori¬ 
zontally. Eventually three companion cells were formed. 

That the sieve elements 1-4 originated bv divisions in a single phloic 
initial is shown clearlv in Fig. 4, f, where the combined lengths of the 
parenchyma cell associated with sieve element 1 and the sieve element 3 
(which are the longest derivatives of the upper and lower daughter cells 
formed after the first horizontal division in the phloic initial) approxi¬ 
mately equal the length of other phloic initials in the tier. Likewise, the 
combined lengths of elements 6, 7, and 8, barring the overlap, is the same 
as that of the phloic initials responsible for the complexes of cells in¬ 
cluding elements 5 and 9. 

Tier D: Six sieve elements with their associated parenchymatous cells 
and one fusiform phloem-parenchyma cell occur in tier I) (Fig. 5, c, f). 
Sieve elements 3 and 6 and their associated companion and parenchyma 
cells originated in the usual manner described for sieve elements 1,2, and 
5 in tier A; 3, 7, and 12 in tier B; and 5, and 9 in tier C, and are not 
considered. Sieve elements 1 and 2, and 4 and 5 are ontogenetically re- 
ated. In the phloic initial within the confines of which sieve elements 
1 and 2 occur, a longitudinal wall was laid down. This wall has a some¬ 
what radial orientation in the upper half of the phloic initial (Fig. 5, 
a-c), but in the lower half it is somewhat tangential (Fig. 5, d) and 
finally oblique (Fig. 5, e). (It would appear that the resultant daughter 
cells were placed somewhat radially in relation to one another near their 
upper end and somewhat tangentially near their lower end. Such ar¬ 
rangements were commonly seen in tangential sections, cf. Figs. 7-9.) 
Of the two cells thus formed, one (below and right) was the mother cell 
of element 2. A longitudinal division along the outer tangential wall of 
this mother cell separated a narrow cell from a larger cell; the former 
divided horizontally thrice and formed a strand of four companion cells, 
the latter matured as the sieve element 2. In the other cell (above and 
left) was laid down a wall which had a tangential orientation in the upper 
end of the cell (Fig. 5, a-c) and a more or less radial orientation in 
the lower end (Fig. 5, d-e) and which separated the mother cell of 
sieve element 1 from a precursor of a parenchyma cell. A longitudinal 
division along the outer tangential wall of the sieve-tube mother cell of 
element 1 produced a short, narrow cell, which divided horizontally and 
formed two companion cells, and a larger cell that differentiated as sieve 
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Fig. 5. Pereskia sacharosa, Tier D of Fig. 1: a-e, cross sections of tier at 
levels indicated in schematic representation (f), as in Fig. 2; a-e, X 495. De¬ 
tails as given in text. 


element 1. Sieve elements 4 and 5 and their associated parenchymatous 
cells originated in a similar manner. 

Tier E: In tier E there are eight sieve elements with their associated 
companion and parenchyma cells (Fig. 6, c, f). Sieve elements 1, 4, 5, 
and 8 originated in the usual manner — a tangential or a radial longi¬ 
tudinal division in the phloic initial separated the precursor of a paren- 
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Fig. 6. Pereskia sacharosa , Tier E of Fig. 1: a-e. cross sections of tier at 


levels indicated in schematic representation (f), as in Fig. 2; 
as given in text. 


a-e, X 495. Detail 



chyma cell (or strand) from the sieve-tube mother cell. In the sieve-tube 
mother cell itself a longitudinal division separated the precursor of one 
or more companion cells from the precursor of the sieve-tube member. 
Sieve elements 2 and 3, and 6 and 7 are ontogenetically related and 
originated in the manner common to that of sieve elements 1 and 2, and 
10 and 11 in tier B; and 1 and 2, and 4 and 5 in tier D. 
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Discussion 

The five tiers studied from cross sections reveal some patterns about 
f he method of origin of sieve elements and related parenchymatous cells 
in Pereskia sacharosa. In the following, this information is summarized 
and confirmed from a study of tangential sections. 

In the five tiers examined, a total of 32 phloic initials was studied. 
Cells internal to the cell complex in which sieve element I occurred are 
excluded from this discussion. As mentioned earlier, they may have been 
fusiform phloem-parenchyma cells or phloem-parenchyma strands, but 
we were not certain that these cells had differentiated. Of the 32 phloic 
initials, 5 had matured directly as fusiform phloem-parenchyma cells; 
the remaining 27 phloic initials had divided in various planes and had 
formed cell complexes in which one or more members had differentiated 
as sieve elements. Most commonly, the first division in the phloic initial 
is longitudinal and radial, oblique, or tangential. The resultant daughter 
cells may be unequal in size, but one is the precursor of a parenchyma 
cell, the other the precursor in which the sieve element and its companion 
cells arise (sieve-tube mother cell). This method of the origin of paren¬ 
chyma cells, sieve elements and companion cells was encountered in 14 
of the 27 phloic initials studied (cf. Figs. 2-6, f). 

Less commonly, the first division in the phloic initial, which again is 
longitudinal, but may vary from radial, oblique, to tangential, separates 
two daughter cells, one of which behaves like the phloic initial, the other 
like the sieve-tube mother cell mentioned in the previous paragraph. As a 
result, two sieve elements, at least one parenchyma cell (or strand), and 
some companion cells are formed within the confines of a single phloic 
initial (cf. Figs. 2-6, f). As mentioned during the analysis of the cell 
complex including sieve elements 1 and 2 in tier B. the sequence of the 
first two divisions is not very clear in such instances. 

Occasionally, two successive oblique divisions in the phloic initial sep¬ 
arate three cells. The dividing walls may be oriented in different planes 
but usually one is somewhat radial, the other somewhat tangential. Also, 
one or both walls may not extend to the tips of the phloic initial, thus 
producing cells shorter than the initial. (Compare the lengths of sieve 
elements 3 and 4 and their associated parenchyma cells in Fig. 2. f; sieve 
elements 4, 5, and 6 in Fig. 3, f; sieve elements 6. 7, and 8 in Fig. 4. f.) 
Of the three cells that are formed, all three may behave as sieve-tube 
mother cells or one may behave as a sieve-tube mother cell and the other 
two as precursors of parenchyma cells, or strands. As a result, three 
sieve elements with their companion cells (sieve elements 4-6. Fig. 3, f; 
sieve elements 6-8, Fig. 4, f), or one sieve element with its companion 
cells and two parenchyma cells (sieve elements 3 and 4. Fig. 2, f) are 
formed within the confines of a single initial. 

Three other patterns of divisions in phloic initials were recorded. A 
longitudinal division in the phloic initial may separate two cells. Each 
daughter cell may then behave as a sieve-tube mother cell (sieve elements 


248 JOURNAL OF THE ARNOLD ARBORETUM [vol. xltii 

6 and 7, Fig. 2, f), or one may behave as a precursor of a parenchyma cell 
(or strand) and the other as the precursor of two sieve-tube mother cells 
(sieve elements 8 and 9, Fig. 3. f). Finally, a phloic initial may be di¬ 
vided almost horizontally into two daughter cells. The upper and lower 
daughter cells may then behave as more or less “independent” phloic 
initials producing sieve elements and parenchymatous cells in manners 

described above (sieve elements 1-4, Fig. 4, f). 

In order to confirm some of the conclusions drawn from a study of 
cross sections, several tiers were also studied by use of tangential sections. 
As is clear from Figs. 2—6, a—e, the planes of divisions in the phloic initials 
and their daughter cells are often irregular, with the result that, even in 
a most perfect tangential sections, the outlines of cells appear at different 
levels of focus in the same section and even in different sections. An¬ 
other difficulty with tangential sections is that the tangential walls of 
derivatives (and, hence, the tangential limits of phloic initials) are not 
easy to determine. Because of these complications serial sections must 

be studied. 

Three representative tiers are drawn in Figs. 7-9. Although partly 
corrected, these figures show the outlines of cells at different levels of 
focus as truly as was necessary for a clear understanding of the planes 
of divisions. Only a few derivatives in each tier are shown; the last 
cell in each set of drawings represents the fusiform cambial initial. The 
sieve cells are left unmarked, except for the sieve plates which are 
hatched; companion cells are stippled; parenchyma cells ontogenetically 
related to sieve elements are shown with nuclei; and parenchyma cells 
ontogenetically unrelated to sieve elements are shown with a circle drawn 

with a heavy pen. 

A phloem-parenchyma strand occurs in Fig. 7, a. It was derived by 
a single transverse division in the phloic initial. The derivatives shown 
in Fig. 7, b-c, d; and at a-b, and c-d in Figs. 8 and 9, are ontogenetically 
related and originated after divisions within the confines of a single phloic 
initial. One parenchyma cell, a sieve element and a strand of two com¬ 
panion cells occur in the cell complexes shown in Fig. 7, d; Fig. 8, c-d; 
and Fig. 9, a-b, c-d. In the cell complex shown in Fig. 7, b-c, three 
sieve elements and their companion cells were formed; whereas in the 
cell complex in Fig. 8, a-b, two parenchyma cells were formed in associa¬ 
tion with the sieve element. The planes of divisions leading to the forma¬ 
tion of cell complexes shown in Fig. 7, d, Figs. 8 and 9, c—d, are easily 
understood. Others are somewhat more complicated but can be explained 
on the basis of our information obtained from the study of cross sections. 

The wall separating the sieve element from the strand of two compan¬ 
ion cells in Fig. 9, a-b, appears radial at the lower end, tangential at the 
upper end. This is shown by the fact that these elements are placed 
radially to each other at their lower end but appear in different planes of 
focus near their upper end. Similar orientations of derivatives were en¬ 
countered in the study of cross sections (cf. cell complex including sieve 
elements 1 and 2 in Fig. 5, a-e). !t would appear from these illustra- 




Figs. 7-9. Pereskia sacharosa: a-e, in each figure, successive phloem derivatives from outer to inner phloem (a—d) and fusi¬ 
form cambial initial of each tier (e), in tangential view, X 325. Derivatives at (a), (b-c), and (d) in Fig. 7, and those at 

(a-b) and (c-d) in Figs. 8 and 9 are ontogenetically related. Broken lines indicate cell outline seen more clearly at another fo¬ 
cal level. Details of figures and of Figs. 15-20. 26-31 given in text, p. 248. 
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tions that, during cytokinesis in phloic initials and their daughter cells, 
the cell plates may, in their upper and lower extensions, intersect different 
walls of the mother cell. Possibly, also, the cells formed after divisions 
within the confines of a phloic initial expand differentially in mutual 
adjustment with the related cells derived from the same phloic initial 
and with the cells in neighboring tiers, so that the shape of the mature 
cells and the orientations of the walls that separate them are different 
in final stages from those in early stages of ontogeny. These factors may 
account for the peculiar configurations of cells seen in Fig. 7, b—c; 8, b; 
and 9, a-b, and for the lateral intrusion of cells in one tier into neighbor¬ 
ing tiers (Fig. 1). 


ORIGIN OF PHLOEM ELEMENTS IN 
PERESKIOPSIS AND OUIABENTIA 


Piers in Pereskiopsis aff. chapistle and Quiabentia aff.- chacoensis were 
studied from serial cross sections in the same manner as in Pereskia 
sacharosa. Five tiers from each of these species are analyzed in detail in 
Figs. 10-14, a-d, and Figs. 21-25, a-d. The cross sectional views of the 

Jf j m 

tiers and the schematic representation of sieve elements and related 
parenchymatous cells in them are drawn in the same manner as in 
Pereskia sacharosa. However, the cross sections are drawn only at three 
levels in the axial extent of each tier, because the difference in the struc- 
ture of the tier from one level to another was not very marked. These 
figures are mostly self-explanatory and do not need much comment. In 
the following, therefore, only the important points concerning the oc¬ 
currence of fusiform phloem-parenchyma cells and phloem-parenchyma 
strands, and the number and planes of divisions in phloic initials (and 
their daughter cells) preceding the formation of sieve elements and re¬ 
lated parenchymatous cells are mentioned. 

Altogether, 18 phloic initials in Pereskiopsis aff. chapistle and 35 in 
Quiabentia aff. chacoensis were studied in the five tiers examined for each 

. (Cells internal to the cell complex including sieve element 1 in 
all tiers, except that in Fig. 24, are omitted from this consideration. In 
the tier shown in Fig. 24, three cells internal to sieve element 1 were 
considered as fusiform phloem-parenchyma cells, because the cells in 
neighboring tiers at that distance from the cambium appeared mature.) 
Two of the 18 phloic initials in Pereskiopsis aff. chapistle had given rise 
to one fusiform phloem-parenchyma cell (Fig. 13, a -c and one phloem- 
parenchyma strand (Fig. 14, a—c), and 15 of the 35 phloic initials in 
Quiabentia aff. chacoensis had matured as fusiform phloem-parenchyma 
cells (Figs. 21-25, a— c). The remaining 16 phloic initials in Pereskiopsis 
aff. chapistle and 20 in Quiabentia aff. chacoensis had formed cell com- 

t 

plexes with at least one cell in each case differentiating as a sieve element. 



As in Pereskia sac 
elements and r 



'osa, the most common mode of origin of sieve 



parenchymatous cells is one in w 



the phloic 


initial divides longitudinally and radially, obliquely, or tangentially. Of 
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Figs. 10, 11 . Pereskiopsis aff. chapistle: a-c, cross sectional views of two 
tiers at levels shown in diagrams (d), schematic representations of some mem¬ 
bers of the two tiers, as in Fig. 2; a-c, X 390. See explanation in text. 
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the two resultant daughter cells, one cell behaves as a precursor of a 
parenchyma cell, or strand, the other cell as a sieve-tube mother cell. 
Such an origin of sieve elements and related parenchymatous cells was 
recorded in 8 of the 16 phloic initials in Pereskiopsis afi. chapistle (Figs. 
10-14, d) and 15 of the 20 phloic initials in Quiabentia aff. chacoensis 

(Figs. 21-25, d). 



12 



a 


b 


c 


3 


Figs. 12, 13. Pereskiopsis aff. chapistle: a-c, cross sectional views of two tiers 
at levels shown in diagrams (d), schematic representations of some members of 


the two tiers, as in Fig. 2; a-c, X 3 



For details, see text. 
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Figs. 14, 15. Pereskiopsis aff. chapistle. Fig. 14, a-c, cross sectional views 
of a tier at levels indicated in diagram (d), a schematic representation ol some 
members of tier, X 390. For details, see text. Fig. 15, successive phloem deriv¬ 
atives (a-g) and the fusiform cambial initial (h) of a tier in tangential view, 
X 220. Derivatives at (a), (b-c), (d-e), (f), and (g) are ontogenetically re¬ 
lated. Symbols explained in text. 
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Figs. 16 - 20 . Percskiopsis aff. 


assoei; 




Mnatous 


■ ^ 



s 


* T 



.v//e: representative sieve elements and 


I rum tangential sections. 


V 


220. De¬ 


rivatives in each figure originated after divisions in a single phloic initial; some 



•alives separ 



in Figs. 17-20 tor better illustration; sieve elements 


in Fig. 18 with a sieve plate on their common lateral wall. Broken lines represent 

outlines of cells seen more clearly at a different focal level; other symbols ex¬ 
in 




r | i 




patterns of divisions in phloic initials recorded in Quiabnitia 

to those seen in Pcreskia sacharosa. In one 



I 

aff. chacocnsis were 

method two successive, oblique longitudinal divisions in a phloic initial 
resulted in three daughter cells, one of which matured as a sieve element, 
the other two as parenchyma cells (sieve elements 3 and 4. Fig. 22, a d). 

seems to be a 

variation ot the same method as was recorded for sieve elements 3 and 4 


Such an origin of sieve elements and 



ana 



in Fig. 2. f. except that in this instance the sieve-tube mother cell differ- 

torming any companion 




is the sieve element 




Sometimes 




initial divided 



and the 



daughter cells behaved as sieve-tube mother cells of two elements (sieve 
elements 2 and 3, Fig. 23, a-d; cf. also sieve elements 6 and 7, Fig. 2, f). 

In some other patterns recorded in Pcreskiopsis aff. chapistle and Quia- 
bcntia all. chacocnsis the number ol divisions in phloic initials preceding 
the differentiation of sieve elements and parenchymatous cells was much 



Sometimes the sieve-tube mother 



formed after tire first lomri- 
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Fig. 21. Quiabentia aff. chacoensis\ a-c, cross sectional views of a tier at 
levels indicated along the margins of diagram (d), a schematic representation of 
some members of the tier, as in Fig. 2; a-c, X 390. For details, see text. 


tudinal division in the phloic initial, matured directly into a sieve element. 
A parenchyma cell (or strand) was formed in association with the sieve 
element but no companion cells were formed (sieve element 2, Fig. 10, d). 
In a few instances, the phloic initial behaved as the sieve-tube mother 
cell, the first division setting off a precursor of one or more companion 
cells and a precursor that matured as a sieve element. No parenchyma 
cells were formed in these cell combinations (sieve elements 1 and 3, Fig. 
10, d; sieve element 2, Figs. 11-14, d; sieve element 4, Fig. 21, d; and 
sieve element 5, Fig. 22, d). In still other cases, the phloic initial did not 
divide at all and matured directly into a sieve element (sieve element 3, 

Fig. 12, d). 























256 


JOURNAL OF THE ARNOLD ARBORETUM [vol. xliii 
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t . 


22. Quitibentia aff. chacoensis: a—c. cross sectional views 



a tier at 


levels indicated along the margins of diagram (d), a schematic representation, as 
in Fig. 2; sieve element 6 and associated companion c 
390. For details, see text. 




shed; a-c, X 


Several tiers in Pereskiopsis aff. 





tiers t >1 



and 


cornsis were studied from serial tangential sections 
from this study generally confirmed the 
sections (cf. Figs. 15, 26). Some cell complexes 
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a b c 


Fig. 23. Quiabentia aff. chacoensis: a-c, cross sectional views of a tier at 
levels indicated along the margins of diagram (d), a schematic representation of 
some members of tier, as in Fig. 2; a-c, X 390. For details, see text. 


It may appear from our analysis of tiers that in Pereskiopsis aff. 
chapistle and Quiabentia aff. chacoensis, as compared to Percskia sacha- 
rosa , relatively few divisions occur in the phloic initials and relatively few 
parenchymatous cells are formed in association with the sieve elements. It 
would also seem that the planes of divisions are lesss irregular and confus¬ 
ing in the first two species than in the last. It must be stated, however, 
that 2 or 3 sieve elements and related parenchymatous cells are frequently 
formed from a single phloic initial in Pereskiopsis aff. chapistle and Quia¬ 
bentia aff. chacoensis (Figs. 17-20, 30), and sieve elements with no onto- 
genetically related parenchymatous cells may be formed in Percskia sacha- 
rosa. particularly in the neighborhood of rays (Fig. 35). Also, the planes of 
divisions in the phloic initials and their daughter cells in Pereskiopsis aff. 
chapistle, and Quiabentia aff. chacoensis (Figs. 17, 18, 20, 30) are often 
as irregular and confusing as in Percskia sacharosa. If quantitative dif¬ 
ferences exist between these species, only a wider sampling of tiers and 
material would reveal them and make the results statistically significant. 
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I'to. 24. Quuibcnlia ali. chacoensis : a-c, cross sectional views of a tier at 
levels indicated along margins of diagram (d), a schematic representation of 
some members of tier, as in Fig. 2; a—c, X 390. Three cells internal to cell com¬ 


plex including sieve element 1 
cells. Details of drawings in text 


considered to be fusiform phloem-parenchyma 
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Fig. 25. Quiabentia aff. chacocnsis : 
levels indicated along margins of 
some members of tier, as in I'ic. /; a—c, X c 



a-c, cross 
(cl), a 




views ol a tier 
at ie representation 




drawings m 
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cntia aft. chacocmis : successive phloem derivatives (a-h) and 

view, X 220. Derivatives 


Fig. 26 . 

the fusiform cambial initial (i) of a tier in 
at (a), (b—c ), (d-c '. (f— e), and (lit derived 
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Figs. 27-3 . Quiabentia aff. chacoensis: representative sieve elements and 
associated parenchymatous cells in tangential view, X 200. Derivatives in each 
figure originated after divisions in a single phloic initial. In Figs. 27 and 28, 
parenchyma cell is seen both above and below sieve element with which it is 
associated. Sieve elements in F ig. 30, b, are connected by a lateral sieve plate. 


Symbols explained in text. 
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ates and other 

Their structural peculiarities are important, therefore, not onh 


to 




morphologists interested in the 
a whole. Esau, Cheadle. and Gifford 



of 



ation, but also to 


ary aspects of the phloem tissue as 


) suggest e 






of specialization in the phloem. In recent years, some new information, 
particularly about the length of sieve elements in relation to that of the 
phloic initials from which they tire derived and about the association of 


sieve 






s, has been ; 



through de- 




<r 




t (Esau & Cheadle, 1955; Cheadle & Esau, 1958; 
Evert, I960). In the following paragraphs some structural features of 
u‘ sieve elements in leaf-bearing C'actaceae, their contents, wall struc¬ 
ture, sieve areas, and length, are 




■ a better 



of their physiologic and evolutionary specialization. 

As is typical of this type ol cell, tire sieve elements in the leaf-bearing 
Cactaceae are enucleate in their functionally mi 
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s 



probably carbohydrate granules, were seen in the sieve elements. 

ited in large numbers near the sieve plates i 

areas (Figs. 59, 41). In addition, the material described in the 
ture as “s 



aggregi“° 
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was often present in copious quantities. It was usually 

one side of a sieve plate in the form of a plug and extended 

a strand through most of the cell lumen (Figs. 35, 41). In longi- 

n ! lams, this feature was often useful in determining the extent 
of a particular sieve 

chapistlc (Fig. 39). 



It was rather scanty in Pcrcskiopsis aff. 
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occur elsewhere on the walls is very marked (Figs. 50, 51), 
I he sieve plates are generally ol the simple tvpe with a single sieve area, 
bui sieve plates with two or more sieve areas are present also (Fig. 
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, every sieve element has two sieve plates (cf. Figs. 7-9. : 5-20, 
26-31) ; but some sieve elements may have as many as 3 or 4 sieve plates 
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(Figs. 18. b; 30, b) others may have only one (Figs. 7, b, c; 18, a; 20, a). 
The position of sieve plates in the sieve elements varies likewise. Com¬ 
monly, the sieve plates occur at or near the ends of the sieve elements, 
but sieve plates on lateral walls are not unusual ( Figs. 7, b; 8, b; 18, a. b; 
30,b). The final shape, size, and orientation of the mature sieve elements 
is often different from that of the phloic initials from which they are de¬ 
rived. Some sieve elements may be rather grotesque in shape (Figs. 7, b; 
8. b; 17, b): and the long axis of some may be placed slantingly in rela- 
tion to the vertical axis of the phloic initial and, hence, that of the stem 
(Figs. 9. b; 20, a; 28; 29. b; 41). Such slantingly placed sieve elements 
are often connected through sieve plates with sieve elements in laterally 
adjacent (rather than vertically adjacent) tiers (Fig. 41). Often, two 
sieve elements derived from the same phloic initial mrm parts of two 
different sieve tubes, one with a vertical, the other with a diagonal 
orientation in relation to the long axis of the stem. Laterally placed 
sieve plates are encountered rather frequently in areas where diagonally 
placed sieve elements abut on the lateral walls of adjacent sieve elements. 

The length of a sieve element depends not only on the length of the 


phloic initial from which it arises, but also on the number and planes of 
divisions in the phloic initial and its daughter cells and on the number and 
planes of divisions in the sieve-tube mother cell. 4 The length of sieve 
elements as measured from transect ions (Figs. 2-6, f; 10-14, d; 2125, d) 
is subject to an error which must be mentioned. When the sieve plates 
occur near but not at the end of the sieve element (e.g., Figs. 7, d; 1/, a; 
30. b), the tapering end of the cell may be missed from calculations. The 
following statements about the lengths of sieve elements and the phloic 
initials from which they are derived are, therefore, liable to some error. 

Since the phloic initials in a tier are usually derived by symmetric 
periclinal divisions in a fusiform cambial initial, one normally expects 
them to be of approximately equal length (e.g., Figs. 4, f; 10, d). The 
fluctuations in the lengths of phloic initials in several tiers (e.g.. Figs. 
2 f- 6 f‘ 25, d) are, therefore, somewhat unusual. A possible explanation 

J 3 1 7 7 Y 

for the different lengths of the phloic initials in a tier would be that the 

individual phloic initials elongated intrusively in varying degrees. But 

this explanation is contrary to the commonly held belief that the phloic 
initials, in contrast to fusiform cambial initials, do not elongate intru¬ 
sively. It appears that in the leaf-bearing Cactaceae the periclinal di¬ 
visions in the fusiform cambial initials are often not strictly longitudinal 
and the dividing walls fall short of one or both tips of the nmthet 
initial. The daughter cells formed after such an asymmetric periclinal 
division may be equal or unequal in length, but they are vertically dis¬ 
placed (at one or both ends) in relation to one another. If a number of 
such asymmetric periclinal divisions occur in the daughter cell that be- 


' This reasoning is based on the assumption that the sieve elements do not undergo 
intrusive elongation during their differentiation from the phloic initials or their daughtei 
cells. Several studies on the phloem of gymnosperms and dicotyledons support this 
assumption (Bannan, 1950; Cheadle & Esau, 1958; Evert, 1960; Srivastava, 1962). 
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The intrusive growth of the fusiform 


no 


haves as the fusiform cambial initial after each division and if such di¬ 
visions are interpolated among others that are symmetric, the net result 
as seen in mature tissue would he comparable to that shown in Figs. 
2,f; 6,f; 15; 25.d; and 26. In its radial extent, the tier would show 
fluctuations in height that would be independent of the intrusive growth 
of tiie fusiform cambial initial. 

cambial initial, if it occurred after a periclinal division, would further com¬ 
plicate the pattern. 

In instances where the phloic initial matures directly as a sieve element 
and no parenchymatous cells are formed (Fig, 12,d, sieve element 3), 
the length of the sieve element is approximately the same as that of the 
phloic initial. Also, if the phloic initial behaves as a sieve-tube mother 
cell, that is, one or more precursors of companion cells are formed as 
sister cells ol the precursor that matures as the sieve element but 
parenchyma cells are formed (Figs. 10,d. sieve elements 1 and 3; 11—14,cl, 
sieve element 2; 21,d. sieve element 4; 22,d, sieve element 5), the length 
of the sieve element closely reflects the length of the phloic initial. In 
other instances, the length of the sieve element bears no predictable rela¬ 
tionship to that of the phloic initial — it may be the same (cf. Figs. 

9, c; 15, d-e; 26, f-g) or it may be much less (cf. Figs. 7. b; 8, b. c: 9. b; 
15, b-c, g; 26, a). 

In concluding this section on sieve elements, a few remarks must be 
made about the relative lengths of the sieve-tube members and the paren¬ 
chymatous elements ontogenetically associated with them. The length of 
parenchyma cells (or strands) may be equal to, or more than, or less than 
that of the sieve element with which they are associated (cf. Figs. 2— 6.f; 
10-14.d; 21-25,d). The divisions that separate the precursor of the 
companion cell (or strand) from that of the sieve element are usually 
longitudinal with reference to the long axis of the sieve-lube mother cell, 
but the dividing walls are laid down in such a manner that the precursor 
of the companion cell (or strand) may be almost as long as that of the 
sieve element or it may be shorter (cf. Figs. 7-9; 15-20; 26-31). Oc- 

' r Jf 

casionally, the dividing wall is laid obliquely and short of the cell tips 
at either end; as a result, the precursor of the companion cell (or cells) 
at one end projects a little beyond the end of the precursor that matures 
as the sieve element (e.g., Figs. 7, c; 9, a; 19, a; 30, b; 33). Exceptionally, 
the precursor of the companion cell (or cells) may be a little longer 
than the precursor of the sieve element (e.g.. Figs. 5, f, cell complex in¬ 
cluding sieve element 2; 9, c). 


PARENCHYMA CELLS 

Although the parenchyma cells in the phloem of leaf-bearing Cactaceae 
differ in their ontogeny, we were not able to discern any significant 
cytological differences between them with the fixing and staining pro¬ 
cedures that we used. The fusiform phloem-parenchyma cells and the 
individual cells in phloem-parenchyma strands, which in other plants 
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commonly store starch, oil, tannins, etc. (cf. Esau, 1953, p. 284), did not 
show any such inclusions in the functional phloem. The parenchymatous 
cells ontogenetically related to the sieve elements also did not show any 
of these inclusions. It is commonly held that companion cells have a 
denser cytoplasm and, in general, stain more deeply than other paren¬ 
chyma cells in phloem (cf. Esau, 1953, p. 283). We utilized this feature 
in identifying companion cells and were partially successful. But it was 
not always possible to use this criterion because the deeply staining 
appearance of a companion-cell protoplast depends partly on the size of 
the companion cells and partly on the plane of the section with reference 
to the cell lumen. For instance, if a longitudinal section passes close to a 
lateral wall rather than through the middle of the cell, the protoplast may 
appear lightly stained. Because of these features it was difficult for us 
to be certain about the identity of individual parenchymatous cells in 
isolated cross and tangential sections. With the use of serial sections one 
can normally distinguish between fusiform phloem-parenchyma cells and 
phloem-parenchyma strands, on the one hand, and the parenchymatous 
cells ontogenetically related to the sieve elements, on the other. It is also 
possible in most cases to distinguish between companion cells and paren¬ 
chyma cells ontogenetically associated with the sieve elements, because 
the length of the companion cells (or strand of companion cells) usually 
does not exceed that of the sieve element, whereas that of the parenchyma 
cells (or strands) frequently may. Still, in several cell configurations 
(e.g., those including sieve elements 3 and 4, Fig. 22, a-d) it was almost 
impossible to tell whether one was dealing with companion cells or paren¬ 
chyma cells or both. (In this instance, the cells were interpreted as 

parenchyma cells.) 

Sieve elements are usually connected with their associated companion 
cells through one-sided sieve areas. Such sieve areas have densely stain¬ 
ing connecting strands and callose cylinders only in the wall belonging to 
the sieve element; in the companion cell wall there is only a primary pit 
field. Cheadle and Esau (1958) and Evert (1960) reported such one¬ 
sided sieve-area connections between sieve elements and the parenchyma 
cells ontogenetically associated with them also. In the material of leaf¬ 
bearing Cactaceae that we have examined, sieve-area connections were 
common between sieve elements and companion cells and between sieve 
elements and ontogenetically associated parenchyma cells (Figs. 45, 46, 
49). Although no counts were made, our general impression is that the 
number of sieve-area connections between sieve elements and companion 
cells is usually higher than that between sieve elements and ontogenetically 
associated parenchyma cells. Cheadle and Esau (1958) made a similar 
observation. One notable feature about the sieve-area connections between 
sieve elements and ontogenetically related parenchyma cells was that the 
connections occurred in those portions of the common wall that bulged 
somewhat in the lumen of the parenchyma cell (Figs. 46, 52). In contrast, 
the common wall between the sieve elements and their companion cells, 
although covered with numerous sieve areas, was usually straight (Fig. 
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di; parenchyma cell. I he tusitorm phloem-parenchyma cells that were so 
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phloem-parenchyma cells in such intimate contact with the sieve elements 
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cocnsis than in Percskia sac 

In the nonfunctional phloem, sieve elements and companion cells lose 
their living contents, collapse, and sooner or later are crushed (Figs. 36. 
37). It is our impression that the parenchyma cells ontogeneticallv related 
to the sieve elements survive for a longer time than the related sieve ele¬ 
ments and companion cells, but eventually they also lose their protoplast. 
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phloem study as the development and maturation of sieve elements, the 
cytological inclusions in companion cells and parenchyma cells onto- 
genetically related and unrelated to sieve elements, and the longevity 
of sieve elements. We also did not study the changes from functional to 
nonfunctional phloem in any detail, and our investigation of ray tissue 

was only cursory. 

The secondary phloem of the three species that we investigated is rela¬ 
tively simple. Sieve elements and parenchyma cells of various types were 
the onlv constituents in the axial tissue. Oil cells, mucilage cells, libers, 
etc., were absent from the functional phloem of these species. In the 
nonfunctional phloem several parenchyma cells accumulated druses of 
calcium oxalate and, in Pereskia sacharosa , some were modified as sclereids 
( Bailey, 1961a, b). Intercellular spaces were commonly -een in functional 
and nonfunctional phloem (Figs. 32, 38, 40). The rays are typically high 
and multiseriate and include, especially near the ray margins, some upright 
cells that may be almost as long as some of the fusiform derivatives. High 
and broad ravs are often dissected bv a conversion of ray initials into 
fusiform initials. In the earlv stages of such conversion the sieve elements 
that are formed are often of the same size as other ray cells and frequently 
lack companion cells (Fig. 35). Fusiform initials are converted into ray 
initials also, with accompanying changes in the nature of their derivatives. 


Ontogenetic studies of phloem yield valuable data about the 


origin 


and interrelationships of different phloem elements. Our analysis of tiers 
in the phloem of leaf-bearing Cactaceae revealed several possible ways in 
which sieve elements and parenchymatous cells may arise from phloic 
initials. Most of these methods of origin have been discussed in detail 
elsewhere in this paper. In the following some of the main conclusions 

are summarized. 

The three representatives of the leaf-bearing Cactaceae studied, Pereskia 
sacharosa , Pereskiopsis aff. chapistlc, and Quiabcntia aff. chacocnsis , do 
not seem to differ basically in the method of origin of phloem elements. 
Fusiform phloem-parenchyma cells and phioem-parenchyma strands arise 
either directly from or after a few horizontal divisions in the phloic ini¬ 
tials. In contrast, the differentiation of sieve elements and parenchyma¬ 
tous cells ontogenetically related to them is usually preceded by several 
divisions in the phloic initials and their daughter cells. Evidence of such 
divisions was seen not only in mature tissue (cf. Figs. 33, 34), but also in 
immature tissue close to the cambium (cf. Figs. 42, 43). Commonly, a 
parenchyma cell (or strand) is formed in association with a sieve ele¬ 
ment and its companion cells; but sometimes the companion cell, or the 
parenchyma cell, or both are lacking, and sometimes several parenchyma 
cells, sieve elements, and companion cells are formed within the coniines 
of a single phloic initial. Apparently, the phloic initials and their daughter 
cells show varying degrees of mitotic activity before cells are differenti¬ 


ated. Such variations among different phloic initials may be encountered, 
not only among different tiers of the same species, but also within the 
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same tier. Also, one tier may be composed predominantly of fusiform 
phloem-parenchyma cells and phloem-parenchyma strands and may have 
very few sieve elements (Fig. 24, a-c), whereas a neighboring tier may 
have numerous sieve elements and ontogenetically related parenchymatous 
cells and relatively few fusiform phloem-parenchyma cells and phloem- 
parenchyma strands (Fig. 25. a-c). We do not know what factor or fac¬ 
tors may be responsible for these variations in the behavior of phloic 
initials in the same tier and in neighboring tiers. 

Although the final number of parenchyma cells, sieve elements, and 
companion cells arising within the confines of a phloic initial varies con¬ 
siderably, the sequence of divisions seems to be such that the precursors 
of parenchyma cells arise as sister cells of precursors that behave as sieve- 
tube mother cells, and the precursors of companion cells arise as sister 
cells of the precursor that matures as a sieve element. Two observations 
support this assumption. First, in cross sections, the wall separating the 
parenchyma cell from the complex of sieve element and companion cells 
seems to be the first wall laid down in the phloic initial (or its daughter 
cell) and the wall separating the sieve element from the companion cell 
seems to be laid down in one of the daughter cells formed after the first 
division (Fig. 40). Second, the length of the associated parenchyma cells 
may frequently exceed that of the sieve element, but that of the companion 
cells rarely does (Fig. 41). If our interpretation of the sequence of divi¬ 
sions within the confines of a phloic initial is correct, the parenchyma cells 
in their ontogenetic relationship would be somewhat more distantly re¬ 
lated to the sieve elements than the companion cells. But this interpreta¬ 
tion is applicable only if parenchyma cells, as well as companion cells, are 
formed in association with a sieve element. 

It is significant that the sieve elements in the leaf-bearing Cactaceae 


have sieve-area connections, not only with ontogenetically related, but 
also with ontogenetically unrelated parenchyma cells. These connections 
are numerous between sieve elements and companion cells, less numerous 
between sieve elements and ontogenetically related parenchyma cells, and 
are only infrequently observed between sieve elements and the parenchyma 
cells that are derived from independent phloic initials. Apparently, the 
varying degrees in which the parenchyma cells are ontogenetically related 
to sieve elements are paralleled by the degree of their physiological affinity 
to sieve elements: those with the closest ontogenetic association are also 
those that have the most intimate physiological association. For future 
research, it will be of extreme interest to determine the cytological features 

of these parenchyma cells and to see in what important ways they differ 
from one another. 

y viewpoint, the parenchyma cells physiologically 
associated with the sieve elements present a complicated picture. The 
albuminous cells of gymnosperms, although physiologically comparable to 
companion cells of angiosperms, generally have no ontogenetic association 
with the sieve elements (cf. Strasburger, 1891; Srivastava, 1962). Com- 
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panion cells are lacking in Austrobaileya scandens , a primitive dicotyle¬ 
don (Bailey & Swamy, 1949); and it is possible that some parenchyma 
cells derived from independent phloic initials serve as companion cells in 
this plant. Holdheide (1951) reported some parenchyma cells in the 
secondary phloem of dicotyledons that he compared to albuminous cells 
of gymnosperms, thus implying that these cells originated from independ¬ 
ent phloic initials. Other reports include varying degrees of specialization 
among companion cells themselves (Resch, 1954). In view of these 
findings and the ontogenetic studies carried out by Cheadle and Esau 
(1958), Evert (1960), and in the present work, it may seem that the 
evolution of the parenchyma cells physiologically associated with the 
sieve elements has progressed in the direction of a closer ontogenetic asso¬ 
ciation with the sieve elements. But the presence of sieve-area connections 
between sieve elements and parenchyma cells ontogenetically unrelated 
to them in a family as highly specialized as Cactaceae presents serious im¬ 
pediments in the acceptance of this idea. It is clear that more and detailed 
ontogenetic and cytological studies of the phloem of vascular plants need 
to be carried out before any valid generalizations about the evolution of 
parenchyma cells physiologically associated with the sieve elements can 
be made. 

In the preceding paper of this series (Bailey & Srivastava, 1962), 
based upon the study of numerous putative species of Pereskia, Percs- 
kiopsis and Quiabentia , we demonstrated that the fusiform initials of the 
cambium and their derivatives in phloem have attained a high level of 
phylogenetic specialization. This is shown by their short length and their 
tendency to occur in stratified arrangements as seen in tangential longi¬ 
tudinal sections. The well-developed structure of the sieve plates in the 
sieve elements of the leaf-bearing Cactaceae and the marked difference in 
the size of pores and connecting strands in the sieve plates, on the one 

hand, and the lateral sieve areas, on the other (Figs. 50 , 51 ), also suggest 
an advanced degree of evolutionary specialization. 

In this paper we have been concerned primarily with the phenomenon 
of cell divisions in phloic initials and their daughter cells and the inter¬ 
relationships between sieve elements and different kinds of parenchyma 
cells. It is evident from our studies that the ontogenetic changes in the 
differentiation of sieve elements, companion cells and parenchyma cells 
are diversified and variable. They obviously are qualitatively similar in 
the three genera that we examined. Although there are some evidences of 
possible quantitative differences in these forms, it is clear that a great 
deal of material must be critically studied before valid taxonomic conclu¬ 
sions can be drawn. This is in marked contrast to the structure of non¬ 
functional phloem, where, as one of us (Bailey, 196)a) has shown, 
Pereskia differs from Pereskiopsis and Quiabentia by the presence of 
sclereids, and where three groups of species of Pereskia may be differenti¬ 
ated upon the basis of form and distribution of such sclerenchymatous 
elements. 
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EXPLANATION OF PLATES 

The following symbols have been used consistently in all the plates: C, cam- 
bial zone; CS, companion cell or strand; FP, functional phloem; Gr, carbo¬ 
hydrate granules; IS. intercellular space; NP. nonfunctional phloem; P, paren¬ 
chyma cell or strand ontogenetically related to sieve elements; Par, fusiform 
phloem-parenchyma cell or phloem-parenchyma strand; R, ray; S, sieve ele¬ 
ment; SA, sieve areas; SI, slime; SP. sieve plate. 

PLATE I 

Figs. 32-34. Transverse and tangential views of phloem and cambium of 
Pereskia sacharosa. 32. Transverse section, X 455. 33, Tangential section of 
phloem showing a strand of parenchyma cells (P) and companion cells ( CS) in 
ontogenetic association with a sieve element (S), X 220. A strand of companion 
ceils (indicated by arrow) projects below the end of the sieve element with 
which it is associated. Fusiform phloem-parenchyma cells (Par) give an idea 
about the length and size of phloic initials. 34, Tangential section of the cam¬ 
bium, X 220. 


PLATE II 

Figs. 35-37. Tangential and radial views of phloem of Pereskia sacharosa. 
35, Tangential section through functional phloem. 36, Radial sec ion of func¬ 
tional (right) and nonfunctional (left) phloem. 37, Tangential section of non¬ 
functional phloem. All figures X 455. 


PLATE III 

Figs. 3S-40. Transverse and tangential views of phloem. 38, Pereskiopsis 
aff. chapistle , transverse section of phloem and cambium. 39. The same , tangen¬ 
tial section of phloem. 40, Quiabentia aff. chacoensis, transverse section of 
phloem and cambium. Cell complexes including a parenchyma cell (P), sieve 
element (S) and companion cell (CS) are shown. All figures X 455. 


PLATE IV 

Figs. 41-43. Tangential sections of phloem and cambium of Quiabentia aff. 
chacoensis. 41, section through mature phloem. The sieve element on lower 
left is slantingly placed in relation to the parenchyma cell which occurs in 
association with it. 42. section through immature phloem showing divisions 
in phloic initials marked with (x). 43, section through cambium. Figs. 42 and 
43 are photographs of successive sections in a tangential series; the cambial 
initials that produced the phloic initials in Fig. 42 marked with (x) are similarly 
marked in Fig. 43. All figures X 220. 


PLATE V 

Figs. 44-47. Tangential sections of phloem showing sieve areas between sieve 
elements, sieve elements and companion cells, sieve elements and ontogenetically 
related parenchyma cells, and sieve elements and ontogenetically unrelated 
parenchyma cells. 44, Pereskia sacharosa , X 910. 45-47, Quiabentia aff. 

chacoensis, X 910. 
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PLATE VI 


• i os. 





Sieve plates, lateral sieve areas and sieve-area connections be¬ 
tween sieve elements and related parenchymatous cells. 48. Pereskia sacluvosa, 
transverse section showing a sieve area (indicated hv arrow) on the tangential 

1 1 m 

wall between two sieve elements. X 1140. These sieve elements termed part 
of a cell complex that had originated from a single phloic initial. 49, Quiabentki 
all. c/tacot'iisis, transverse section showing one-sided sieve-area connections (in¬ 
dicated by arrows) between a sieve element and the companion and parenchyma 

. c Papistic . sieve 


cells 


that are associated with it. 


910. SO. Peres 




plate in radial view. 


1140. 51, Qtmbcntia aff. chacoensis, lateral sieve areas 


between two sieve elements in tangential view, 


1140. 52 



e same, tangen¬ 


tial section showing one-sided sieve-area connections between a sieve element 


and related parenchyma cell. 


I 140. The sieve areas occur in those portions 


of the common wall that bulge into the lumen of the parenchyma cell. 
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Plate VI 


















































































